The usefulness of body plethysmography in the assessment of thoracotomy candidates is not well documented. Reported thresholds for operability are generally expressed in absolute values, which do not take into account a patient's size, age or gender. Spirometric and plethysmographic data of 103 patients undergoing thoracotomy were examined for their ability to predict death due to cardiopulmonary insufficiency, pneumonia, and atelectasis during the first 30 postoperative days. Neither plethysmographic nor spirometric parameters could predict atelectasis. Patients who underwent lobectomy were susceptible to the development of atelectasis. A weak correlation between elevated functional residual capacity (FRC) and occurrence of postoperative pneumonia was found. Lung function testing was not able to separate survivors from non-survivors. Patients with pneumonia were at high risk of death in their postoperative course. Because of the non-linear relationship, a correlation coefficient between spirometric and plethymographic variables was not calculated. The prevalence of cardiac risk factors was high, so the decision for invasive hemodynamic studies should rather be based upon a patient's history than restricted to patients with impaired lung function. Because of methodological differences, and probably insuitable reference values, body plethysmography cannot substitute for spirometry. For FRC and FRC to total lung capacity (FRC/ TLC) ratio, further investigations must be undertaken to establish a correct reference value. [Eur J Cardiothorac Surg (1996) 10: 312-319] 
Introduction
Since the investigations of Gaensler et al, [14] , spirometry has evolved into the most common test in the evaluation of thoracotomy candidates_ Data from the literature indicate that the degree of spirometric abnormality is correlated with the incidence of postoperative complications [3, 6, 17, 19] and forced expiratory volume in 1 s (FEV1) values form a reasonable working basis in the assessment of operability_ But results of clinical spirometry are affected by intangible variables such as the patient's motivation, cooperation, and stamina [24] .
Body plethysmography is a rapid and non-invasive technique and merely requires that a subject breathes quietly through a mouthpiece with a nose clip in place. It also permits the recording of thoracic gas volumes and thereby provides an accurate appraisal of the effects of lung volume on airway resistance. Among the standard techniques used to evaluate obstruction, therefore, body plethysmography appears to be the most direct. Despite these apparent benefits, the technique is seldom used to identify patients at risk and reported data are overwhelmingly confined to residual volume as a percentage of total lung capacity (RV/TLC) ratios [21, 26] . Reported thresholds for operability are generally expressed in absolute values, which do not take into account a patient's size, age, or sex. It has been suggested that the use of the percentage of the predicted normal level of function (% pred) may have advantages [16] , although the results of its use have seldom been reported.
The aims of our study were to determine: 1) which parameters of body plethysmography can be used to predict morbidity and mortality in patients who undergo thoracotomy, 2) whether body plethysmography can replace clinical spirometry in cases of inadequate cooperation, and 3) the usefulness of thresholds expressed as a percentage of the values predicted from standard tables.
Material and methods

Patients
One hundred three patients scheduled for eIective thoracotomy for diagnosed or suspected lung cancer between March 1992 and June 1993 at the Department of Surgery, Justus-Liebig-University Giessen, were included in the study The protocol was approved by the Ethics Committee, and informed consent was obtained from each patient. Operability was determined according to existing guidelines for pneumonectomy [5] and lobectomy [25] . The final decision regarding operability was made by the attending surgeon, who was not informed of the results of body plethysmography measurements. The operation was performed by, or in attendance of, five surgeons experienced in thoracic surgery_ All patients had general anesthesia with single-lung ventilation and apneic oxygenation of the non-ventilated lung with continuous positive airway pressure (CPAP) of 5 cmHzO. Immediately after thoracotomy, fiberoptic bronchoscopy was performed on all patients who had either pneumonectomy or lobectomy to investigate the site of resection and confirm airway patency. Postoperative care was undertaken according to the hospital's routine. Chest X-rays were taken in all thoracotomy patients: after surgery, before the chest drainage tubes were removed, when the patients were discharged from hospital, and 20-30 days postoperatively.
A record was kept of complications developing during the first 30 postoperative days as follows:
1. atelectasis apparent on the chest X-ray, 2. pneumonia, suggested by the presence of pulmonary infiltrates, increased amount and purulence of lower respiratory tract secretions, deterioration in gas exchange, increased dyspnea, and an increase in temperature or leukocyte count, and 3. death due to cardiopulmonary insufficiency.
Lung function tests
Measurements were carried out within 3 days prior to surgery between 4 and 6 p.m. All tests were performed by one of the authors using equipment of the MasterLab System I. The apparatus records volume and flow by means of a heated pneumotachograph. The entire device (body box and pneumotachograph) was calibrated before each series of measurements. At first, airway resistance (Raw) and lung volumes (FRC, RV, TLC) were ascertained in the constant volume plethysmograph. Airway resistance was assessed by means of the quiet breathing method. To eliminate differences in gas condition between inhalation and exhalation, an electronic correction was used during resistane recordings. Thereafter, spirometry was performed according to the recommendations of the American Thoracic Society [15] . Following spirometry, measurements were discontinued for 15 rain. Then maximum voluntary ventilation (MVV) was determined by extrapolating a 12 s effort to 1 rain.
Reference values
We have used the reference values recommended by the European Community for Coal and Steel [28] ( Table 1 ). The summary equations are derived for an age of 25-70 years, and for a height range of 155-195 cm in men, and 145-180 cm in women. For subjects older than 70 years, and for subjects outside the above height ranges, predicted values are obtained by extrapolation. Specific airway resistance (sRaw) was calculated as the product from FRC and the upper limit of resistance (0.3 kPa. s. l-a). The reference values were regarded as the I00% level of predicted normal.
Statistics
Three complications (atelectasis, pneumonia, death) were defined as outcome variables and analyzed separatively. To compare their predictive value, plethysmographic (FRC, TLC, FRC/TLC, RV, RV/ TLC, Raw, sRaw, airway conductance (Gaw), specific airway conductance (sGaw), and spirometric (FEV1, vital capacity (VC), FEVI/VC, FVC, FEV1/FVC , MVV) variables were initially tested in a stepwise logistic regression model. Besides the lung function parameters, type of surgery, diabetes mellitus, gender and presence of coronary artery disease (CAD) were analyzed by Fisher's exact or chi-square (Z x) test, respectively. The type of surgery, presence of CAD, age and the significant lung function test variables were included in a comprehensive stepwise logistic regression model and tested for each of the three outcomes. A forward selection procedure was used in which variables are sequentially entered into the model. The first variable considered for entry into the equation was the one with the largest positive or negative correlation with the dependent variable. This variable was entered into the equation only if it satisfied the criterion for P (<0.05). If the first variable was entered, the independent variable not in the equation that had the largest partial correlation was considered next. The procedure stopped when there were no variables that met the entry criterion. Removal testing was based on the probability (> 0.1) of the WALD statistic. A constant was included into each analysis, which was the value of the dependent variable when the independent variables were all zero. For hypothesis testing, we looked at the differences between -2 log likelihood for the model when a variable was added and the model with only the constant. The probability of a complication was predicted from the independent variables using the model:
For the association between spirometric and plethysmographic data, the Spearman's rank correlation coefficient was calculated. To investigate the agreement between two parameters, the approach of Bland and Altman [2] was used. All tests were performed on an IBM-compatible microcomputer using the Statistical Package for the Social Sciences 2. Statistical significance was defined as P<0_05.
Erich J~iger, Wtirzburg, Germany 2 SPSS Inc., Chicago, Ill., USA 
Results
Initial analysis
Patient characteristics and distribution of complications are outlined in Table 2 . Postoperative death was closely associated with pneumonia (Table 3) and CAD (Table 4) . Compared to other types of surgery, patients who underwent lobectomy were susceptible to the development of atelectasis (Table 5) .
Atelectasis
Atelectasis occurred in 14 patients (13.5%). Using stepwise logistic regression, neither spirometric nor plethysmographic parameters could prognosticate the development of postoperative atelectasis. Table 6 Stepwise logistic regression to predict pneumonia from 3 models, including 1) spirometric variables, 2) parameters from body plethysmography, and 3) significant variables from 1) and Pneumonia Eight patients developed pneumonia in their postoperative course, resulting in an incidence of 7.8%. The regression model assessing the predictive value of the spirometric var- Table 7 Comprehensive stepwise logistic regression model to prognosticate postoperative mortality, abbreviations see Table 6 Model Variable R Sign. Inmal Improv. Sign.
Compre-Pneumonia -0.561 0.0001 45_14 23.57 0.00001 hensive iables showed a positive correlation of the FEVt/FVC ratio with the event 'no pneumonia'_ The model evaluating the plethysmographic variables yielded a negative correlation between FRC and 'no pneumonia', i.e. the higher the FRC value the more probable the development of postoperative pneumonia. In the comprehensive stepwise logistic regression model, the effect of FRC prevailed and it was the only variable showing a significant correlation. In all of the three models, the improvement in chi-square was small when the respective variable was added (Table 6 ).
Mortality
Seven of our patients died, giving an overall mortality rate of 6.8% (12.9% for pneumonectomy, 8.3% for lobectomy). Neither spirometric nor plethysmographic parameters were able to separate survivors from non-survivors. Postoperative atelectasis, pneumonia, CAD and age were tested in a comprehensive stepwise logistic regression model. Patients with pneumonia had a distinctively higher risk of dying in their postoperative course ( Table 7, Table 8 ).
Relationship between spirometric and plethysmographic parameters
The closest association was found between FEV1/VC and sGaw values. Because of the non-linear relationship and outliers, a correlation coefficient was not calculated (Fig. 1) . Specific airway conductance was related to Fig. 2 These data demonstrate the lack of agreement between the sGaw and the FEVJVC ratio. The paired difference between sGaw and FEV1/VC (both in %pred) on each subject is plotted against the mean of both. If the parameter had been in agreement, the data would cluster about the line y = 0. Compared to the FEV 1/VC ratio, the data of the specific airway conductance were lower in the left range and therefore tended to overestimate the grade of obstruction FEV1/VC ratio by means of the equation y=62_01-1.504x+0.027x 2. Adapting the approach of Bland and Altman to the use of percent values, the poor agreement between the parameters became apparent (Fig. 2) . Within the critical lower range, sGaw tended to overestimate the grade of obstruction.
Expression as percentages of predicted normal versus absolute values
At the 100% level of predicted normal for FEV t, the corresponding absolute values of our patients would be between 1.88 and 4.06 1 (median = 3.02). At 50% of predicted normal, corresponding values would be between 0.94 and 2.03 1 (median= 1.51), giving an overlapping range of the normal (100%pred) and pathological (50%pred) state between 1.88 and 2.03 1. With the use of absolute values, six patients could fulfill criterion for pneumonectomy (FEV 1 > 2.0 1), although their FEV t values would comply with only 50% of the normal.
Discussion
To answer the question whether body plethysmography can replace spirometry in cases of inadequate patient cooperation, we commenced looking for parameters of both techniques which can predict postoperative morbidity and mortality. In our patient population, neither spirometric nor plethysmographic variables were able to prognosticate mortality. This leads us to the question of whether and to what extent simple lung function tests can cover the wide spectrum of risk factors. With the exception of an unpredictable hemorrhage, two causes of death were responsible for mortality in our patient population: right heart failure and multiple organ failure following pneumonia and sepsis.
There is a general consensus that, in the performance of a thoracotomy, pulmonary function testing should proceed in three phases [16, 22, 34] . The first phase evaluates total lung function and consists of simple spirometry and analysis of blood gases_ If whole-lung function values are worse than the accepted limits, testing should proceed to the second phase, which evaluates the function of each lung separately by radioisotopic scanning. If the second-level criterion of acceptable predicted postoperative FEV 1 cannot be met and surgery is still contemplated, the postoperative condition of the patient can be simulated by resecting functionally the vascular bed of the lung to be taken out by balloon occlusion. Although this testing cascade appears logical, it would fail to predict the occurrence of death in our patients. With one exception, all patients who died fulfilled spirometric criteria for operability (the first phase of testing). Although our logistic regression model was dominated by the effects of preceding pneumonia, mortality was also strongly associated with cardiac risk factors. Therefore, the decision for invasive hemodynamic studies should rather be based upon a patient's history than be restricted to patients with impaired lung function. In our study we have defined postoperative morbidity as the development of atelectasis or pneumonia. With three exceptions, postoperative atelectasis was restricted to patients who underwent lobectomy. Despite the fact that, in our stepwise logistic regression model, the type of surgery was not statistically significantly correlated with postoperative atelectasis, we think that these findings support the contention that allowance should be made for a greater loss of function than predicted in the early postoperative period after lobectomy [1, 4] . A reduced FEV1/VC ratio indicating air flow obstruction and an elevated FRC indicating hyperinflation were correlated with the occurrence of postoperative pneumonia. In the comprehensive regression model FRC correlated more strongly with pneumonia and outweighed the effects of the FEVi/VC ratio. But as the correlation was weak, no definitive conclusion can be drawn regarding the prediction of postoperative pneumonia based upon the FEV1/VC ratio and FRC values. To substitute for spirometry, at least one of the body plethysmographic parameters had to be in agreement with an essential parameter from spirometry_ This criterion was not fulfilled in our study. The closest association was found between the sGaw and the FEV1/VC ratio, but because of the non-linear relationship and wide range, a correlation coefficient could not be calculated. Although the two techniques do not measure the same thing, we have used the method of Bland and Altman [2] to evaluate the grade of agreement. Plotting the paired differences against the mean of the corresponding readings, the tendency of the sGaw to overestimate the degree of obstruction in the lower range and to be higher in the upper range became obvious. Both the non-linear relationship and the outliers in the upper range could, in part, be explained by the given reference value for sGaw, which only represents the lower limit of normality. Though the term implies this, our reference value for the specific airway conductance does not take into account differences in FRC. Because a higher FRC must result in a lower 100% level of predicted normality, the given reference value for sGaw was artificially high in obstructive patients with hyperinflation. This might explain the tendency of the sGaw to overestimate the degree of airflow obstruction in the lower range. But a similar pattern was obtained by plotting the absolute values (instead of percentages of predicted normality) of the FEV ]VC ratio against the sGaw. Methodological differences must therefore be responsible for the lack of correlation and agreement. This is probably the case, because Raw and its reciprocal, Gaw, predominantly reflect a non-uniform constriction of the central airways [23] , whereas the FEVI-maneuver mainly records peripheral airway compression [9] . Even though the sGaw was in agreement with the FEV1/VC ratio, body plethysmography cannot substitute for spirometry, because no plethysmographic parameter is able to replace FEV 1. Rather than indicating pulmonary obstruction, its value is founded on the ability to reflect both restrictive and obstructive impairment [10, 11] and, therefore, the ability to predict postoperative lung function.
We expressed all of our parameters as percentages of the reference value recommended by the European Community for Coal and Steel. The underlying regression equations describe an overall mean of data in the literature without weighing the various reference values given by different authors. As indicated by the residual standard deviation of the mean of the different regression equations (RSDm), the discrepancies between the authors were of different magnitudes. There is a reasonable agreement among the FEV 1 values on the one hand while, on the other, the mean values for the RV/TLC, FEV1/VC and FRC/TLC ratios vary substantially. For the FRC and FRC/TLC ratio the situation is unsatisfactory. For FRC, the number of references is small, the spread in predicted means is large and only insufficient data are available to determine the differences due to the technique employed. It is known that the plethysmographic method overestimates FRC in the presence of airway closure, possibly on account of non-uniform alveolar pressure swings [7, 31] . Unlike body plethysmography, the gas dilution method estimates only the volume of ventilated air spaces and may underestimate the true lung volume, particularly in patients with airflow limitation in whom gas may be trapped behind occluded airways [30, 33] . As our reference value is composed of pooled data from plethysmographic studies and investigations using the gas dilution method, we probably overestimated the extend of hyperinflation. Despite these problems, it is reasonable to use reference values to take into account a patient's age, size and gender. The differences due to these factors exceed for the discrepancies resulting from different reference values.
Initially we analyzed our data using the Mann-Whitney-U test to compare the variables of patients with and with-out complications. If a statistically significant difference were found, the variable concerned was transformed into a dichotomous variable, and the ability to predict the respective complication was analyzed by Fisher's exact or chi-square test. The discriminating level was established by analyzing a scattergram of the data. This statistical approach is not very different from that used in most of the studies establishing criteria of operability [6, 12, 13, 20, 21, 25, 27, 32, 35] and not wrong. But in the review of our manuscript it was criticized that dichotomizing variables in a data-dependent manner gives too optimistic P-values of Fisher's exact or chi-square test. Thus, we reanalyzed our data using stepwise logistic regression. The method is regarded as a powerful tool for the investigation of epidemiologic data and seen with increasing frequency in the medical literature [8, 29] . The correlation between FEVt/FVC and FRC, respectively, and pneumonia was weak, even if statistically significant. It was advocated [ 18] that ten observations of adverse outcomes are required for each prognostic variable tested. To keep this ten-to-one rule for our 15 lung function parameters required 150 adverse outcomes for a predictive model to be trustworthy. We therefore cannot be sure whether we have found spuriously significant factors, as too many variables were examined, and whether some important prognostic variables were overlooked because too few adverse outcomes were recorded.
Furthermore, any study such as ours suffers from the statistical deficiency of non-uniform patient selection. The study patients were only the patients operated on; those who did not undergo operation could not be evaluated for their tolerance of surgery. Furthermore, the decision for operation was made on the basis of FEV t values and predicted postoperative FEV 1_ So we have analyzed risk only in those patients who, by either an objective analysis or a subjective reaction, were regarded by their surgeon as having a reasonable prospect of surviving thoracotomy. Our selected patient population therefore presupposed that measured parameters reflect risk factors better than FEV 1.
Summarizing our results, we found that body plethysmography cannot replace clinical spirometry because 1) none of the plethysmographic parameters could sufficientyl predict mortality and morbidity in our patient population and 2) none of the body plethysmography variables was in agreement with an essential parameter from spirometry. As many of the former studies suffer from statistical deficits comparable to our initial approach, further investigations should be undertaken using current statistical techniques to redefine the criteria of operability in thoracotomy candidates. To estimate the operability of lung resection candidates it is reasonable to use reference, instead of absolute, values taking into account a patient's age, size and gender.
